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The ability to control electronic property of a material by externally applied voltage is greatly anticipated in 
modern electronics, and graphene provide potential application foreground for this issue on account of its 
exotic ambipolar transport property. In this study, we proposed that inorganic-graphene intercalated 
nanosheet is an effective solution to optimize the transport property of graphene. As an example, lithium 
vanadate-graphene (LiVO-graphene) alternately intercalated nanosheets were designed and successfully 
synthesized. Theoretical calculation implied that its rocking chair configuration may provide a new pathway 
to switch the carrier in graphene layer between p-type and n-type while the position of embedded Li ions is 
controlled by an external field. Thus, a demo transistor was fabricated with layer-by-layer overlapping of 
LiVO-graphene nanosheets which proved that this inorganic-graphene structure could be used for electrical 
modulation in electronic devices. 

Effective manipulating the electronic structure of any given material is always being an attractive issue for 
scientists and engineers for the huge potential applications. Materials with precisely manipulated electronic 
structure could be used to assemble electronic devices, and the ability to control electrical property of a 
material by externally applied voltage is at the heart in modern electronics. However, the electronic structure of 
conventional material is fixed and hard to control for their fixed crystalline structure. Recently, graphene attracted 
much attention due to its possibility to provide potential solution for this issue 1,2 . 

Graphene, a monolayer of carbon atoms tightly bonded together with a bonds, and with a % orbital perpen- 
dicular to the plane in each carbon atom in the lattice, has many exotic physical properties, such as high intrinsic 
carrier mobility, ambipolar field effect and anomalous quantum Hall Effects. The valence band and conduction 
band of graphene touch each other at the six corners of the 2D Brillouin zone, and the energy of Fermi level 
belongs to both bands. Due to the unique band structure, the carriers in the graphene are bipolar, and thus the 
charge carriers can change from electrons (n-type) to holes (p-type) with the application of an external electric 
field 3 6 . All the above properties enable graphene sheets as the most promising candidate material for hybrid 
nanocomposites based electronic devices. However, graphene based electronic devices has their own disadvan- 
tages due to the ambipolar transport property, through which the charge carriers can easily change from electrons 
to holes with the application of an electrostatic gate, therefore, the electrical modulation efficiency is scant for its 
relatively high leakage current in electronic devices. Currently, high leakage current in graphene-based transistors 
can be addressed through band gap engineering, i.e. open energy gap of graphene to decrease the leakage current 
(I 0 ff), but in turn results in degraded mobility. Decreasing of carrier mobility leads to a reduced conductivity and a 
lack of sufficient drain current saturation (I on ) 7 " 13 . On the other hand, the transport property of the graphene 
could be significantly altered by introducing dopants to the graphene. There have been many reports concerning 
this issue by adsorbing different molecules to graphene, and these molecules may act as electron acceptors or 
electron donors to graphene when interact with graphene, inducing remarkable change to the electronic structure 
of graphene, thus alter the transport property of graphene ulteriorly 1417 . Here, we proposed that inorganic- 
graphene alternately intercalated nanosheets should be an effective solution to optimize the transport property of 
graphene. 

As it is known, many vanadium oxides tend to form lamellar structure, and lithium vanadate was chosen as the 
host material for intercalation in this study. As an example, Li] 2 V 3 .340 7 . 3 4-2H 2 0 (abbreviated as LiVO thereafter) 
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is a compound which has lamellar structure with square pyramidal 
coordination for vanadium 18 , in which the vanadium oxide sheets are 
planar, and lithium ion can reversibly intercalate into the vanadium 
oxide sheets, making it candidate for cathode in lithium ion batteries. 
Polyethylene oxide has been reported to intercalate between vana- 
dium oxide layers, which confirmed the reliability for intercalating 
lamella material into the vanadium oxide framework in Lij 2 V 3 34 
O y 34 -2H 2 0 19 . In this study, we synthesized LiVO-graphene interca- 
lated compound for the first time, in which the layers of lithium 
vanadate were alternately intercalated with graphene. The LiVO- 
graphene was then peeled off into mono- or few-layered LiVO- 
graphene ultrathin nanosheets. The quasi-lithium ion battery 
configuration of LiVO-graphene ultrathin nanosheets reminds us 
that the embedded lithium ions may response to the external electric 
field by rocking back and forth between vanadium oxide (abbre- 
viated as VO thereafter) layer and the graphene layer, and then 
reversibly alter the electronic structure of graphene, providing a 
perfect alternative for improvement of the electrical modulation 
property of grapheme-based electronic devices. 

Results 

In this study, the new layered compound of LiVO-graphene was 
obtained by a solvo thermal method using VC1 3 , LiN0 3 , LiOH- 
H 2 0 and previously prepared graphene as the raw materials as pre- 
sented in Figure la and lb (details presented in Experimental sec- 
tion). The crystal structures of the LiVO-graphene and the pure 
LiVO were investigated using X-ray powder diffraction (XRD) 
respectively (Figure lc). All of the peaks for pure LiVO could be 
readily indexed to L^ . 2 V 334 07. 3 4-2H 2 0 with tetragonal lattice. The 
XRD pattern with the presence of graphene have most peaks similar 
with LiVO except for the appearance of a strong new diffraction peak 
with the d spacing of about 12. 5A, and a weak second order diffrac- 
tion peak with the d spacing of about 6.25A further confirmed the 



formation of a new d-spacing of 12. 5A for the new layered com- 
pound with the new interlayer periodicity of 12. 5A. 

The high-resolution transmission electron microscope (HRTEM) 
images of the LiVO-graphene gave the microscopic structural 
information as shown in Figure Id. The lattice spacing of 12. 5A is 
detected to match with the new- formed interlayer distance of LiVO- 
graphene. The HRTEM images further confirmed the intercalation 
of graphene layer into VO layer, which increased the d(002) from 7.9 
A to 12.5 A. Compared with the d-spacing of (002) plane in LiVO, the 
new- formed interlayer distance is 4.6A larger than that in pure LiVO, 
which can be assigned to the intercalation of monolayer graphene. 
So, the periodicity of 12.5 A is roughly the sum of the layer spacing of 
lithium vanadate and graphene, suggesting that the monolayer gra- 
phene alternately intercalates into the adjacent VO layers. The X-ray 
photoelectron spectroscopy (XPS) spectra (Figure S2), the energy 
dispersive X-ray spectroscopy (EDS) spectra (Figure S3) and the 
near edge X-ray absorption fine structure (NEXAFS) spectra of pure 
LiVO, LiVO-graphene and graphene (Figure S4) were recorded 
respectively, which further confirmed that the both the graphene 
and LiVO layer kept intact during the intercalation process except 
for widening of d-spacing along c-axis direction as a result of gra- 
phene intercalation. Based on the crystallographic structure of parent 
compound L^ 2 V 3 34 0 7 . 34 -2H 2 0 (Figure Sla), the intercalated LiVO 
framework could be suggested as shown in Figure Sib. The simulated 
XRD pattern of the suggested intercalated LiVO framework was 
presented in Figure lc, in which the peaks match well with new peaks 
arising after intercalation, indicating that the suggested structure of 
the new LiVO framework is coincident with the actual situation. The 
schematic crystal structure of LiVO-graphene projected along c axis 
was shown in Figure lb. The selected-area electron diffraction (SA- 
ED) shown in Figure Id confirmed that LiVO-graphene nanosheets 
are polycrystalline due to the intercalation of monolayer graphene, 
and the polycrystalline diffraction rings are exactly indexed to the 
intercalated LiVO-graphene as presented in Figure SI and the 
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Figure 1 | Characterization of as-obtained intercalated LiVO-graphene. (a,b) The sketch map of the reaction process in the fabrication of intercalated 
LiVO-graphene nanosheets. (c) XRD patterns of the as-prepared lithium vanadate-graphene (LiVO-graphene), simulated new intercalated LiVO 
framework, pure LiVO and XRD standard pattern of LiVO. (d) HRTEM image and the SAED pattern of LiVO-graphene. 
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d-spacings in the SAED pattern match well with the simulated XRD 
pattern of intercalated LiVO, further confirming the structure of the 
intercalated LiVO-graphene. 

It has been clearly confirmed that LiVO-graphene is a new layered 
structure stacked by VO-graphene-lattice water alternating layers, 
and the weak Van der Waals interlayer interactions presented among 
the layers bring exfoliative characteristic to this compound. The 
exfoliation efficiency comparison test was done in various solvents, 
and finally H 2 0 show the best exfoliation efficiency as shown in 
Figure S6, which could be attributed to the strong hydrogen bonding 
interaction between H 2 0 in solvent and the lattice H 2 0 molecules in 
the LiVO-graphene compound. The hydrogen bonding interaction 
promoted the exfoliation process, and the resultant exfoliated LiVO- 
graphene nanosheets were successfully obtained. Macroscopically, a 
well defined Tyndall effect was observed in the translucent suspen- 
sion of LiVO-graphene, indicating the presence of highly exfoliated 
LiVO-graphene layers in water, as shown in Figure S7 20 . AFM ana- 
lysis of the exfoliated LiVO-nanosheets revealed that the sample was 
mainly composed of ultrathin nanosheets of LiVO-graphene (Figure 
S7), matching well with the thickness of LiVO-graphene nanosheets. 

The exfoliated LiVO-graphene ultrathin nanosheets have a rep- 
resentative structure similar to micro-lithium ion battery with the 
LiVO layer as cathode electrode and graphene layer as the anode 
electrode. This interesting quasi-lithium ion battery structure 
reminds us that Li ions embedded between the LiVO layer and the 
graphene layer may move back and forth in response to an external 
electric field perpendicular to the nanosheets, thereby altering the 
charging carriers of the graphene layer, and ultimately changing the 
transport characteristic of the nanosheets. Based on this assumption, 



a pair of LiVO-graphene layer was taken for calculation (details see 
experimental section) to better understand the various electronic 
structures with different Li ion position. 

First, crystallography analysis of pure LiVO gives the distance 
between V and Li atom (d Li . v ) for the primitive position of lithium 
ion is 2. 28 A (Figure 2a). Further more, the accurate position of the 
intercalated graphene layer can be estimated by calculating the total 
energy with different vertical graphene-O distance (d grap hene-o> 
Figure 2a) as shown in Figure S8, revealing that the equilibrium 
distance of dg ra ph e ne-o is 2.9 A. The electronic structure of each part 
of the LiVO-graphene nanosheet was considered separately. Taking 
the LiVO layer into first consideration, the densities of states (DOS) 
structure of LiVO layer was calculated as presented in Figure S9, 
indicating that LiVO layer is always n-type carrier no matter what 
position the embedded Li ions occupy. However the electronic struc- 
ture of the graphene layer is greatly affected by the position of the 
embedded Li ions. It is known that in graphene, the (s, p x , p y ) orbitals 
of carbon atom combine to form the a (bonding) and ct* (anti-bond- 
ing) orbital, which are well separated in energy, thus are too far away 
from the Fermi level to influence the electronic property of graphene, 
so these orbitals are frequently neglected when concerning the elec- 
tronic property. Only the remaining p z (Tt) orbitals lie in the vicinity 
of the Fermi level, therefore p z orbitals of carbon atom are considered 
independently to describe electronic property of graphene in this 
study 2123 . The projected density of states (PDOS) of carbon p z orbital 
for the graphene layer with different Li ion position was calculated 
separately, in which the energy where the conduction band and the 
valence band meet is the energy of Dirac point for graphene (abbre- 
viated as Edg thereafter). In the case of Li ions at their original 
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Figure 2 | The projected density of states (PDOS) of the carbon p z orbital for graphene and electron transfer process in different conditions. 

(a, b, c) The sketch maps of charge transfer process between the graphene layer and the VO layer at the condition: (a) d Li _ v = 2.28A, (b) d^.v = 3.0A, 
(c) d Li _ v = 3.8A respectively, (d, f, g) PDOS of carbon P 2 orbital for graphene at the condition: (d) d Li _ v = 2.28A, (e) d Li _ v = 3. OA, (f) d Li _ v = 3.8A, 
respectively, (h, i, j) electron-transfer mechanism within the Marcus-Gerischer theory: right, schematic of LiVO layer density of states (DOS); left: 
graphene layer DOS at the condition: (h) d Li _ v = 2.28A, (i) d Li _ v = 3. OA, (j) d Li _ v = 3.8A, respectively. 
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position (d Li _ v value is 2.28A when V G = 0 V), the PDOS of carbon 
p z orbital (Figure 2d) indicate that E dg lies above the Fermi level of 
LiVO-graphene system (as abbreviated as Ef ermi ), implying that there 
is a driving force to shift the Fermi level of LiVO-graphene system 
into the valence band of graphene (Figure 2g), and this transfer can 
be further explained as follows: O atom, which lies at the top of the 
VO layer, is a stronger electron-withdrawing group compared to 
graphene layer, since graphene is neither a strong electron donor 
nor a strong acceptor due to its ambipolar nature, thus the O atoms 
can withdraw electrons from the graphene layer, as a result, electrons 
flow from the graphene layer to the VO layer until equilibrium is 
reached (Figure 2a), and finally the electrochemical potential of the 
graphene layer and the lithium vanadate layer are aligned. The elec- 
tron transfer trajectory revealed that the graphene layer at this state is 
p-type carrier. However, carrier type of graphene layer will change if 
the Li ions are pushed to the graphene layer by the external field. 
Taking d Li . v = 3. OA for example, at which the Li ions are on the same 
plane with the top O atoms of VO layer along c axis, the E^g of 
graphene lies slightly below Ef ermi (Figure 2e), revealing that a weak 
driving force shifting the Fermi level into the conduction band of 
graphene 24,25 . Accordingly, the schematic diagram of electron trans- 
fer in Figure 2b revealed that when d Li . v = 3.0A, partly ionized Li 
atoms move close to the graphene layer, then two types of compet- 
itive interlayer electron transfer trajectory coexist: the electrons 
transfer from partly ionized Li ions to the graphene layer, and the 
electrons transfer from the graphene layer to O atom at the top of the 
VO layer, between which the former one plays the dominant role. 
Partly ionized lithium atom is an electron- donating group, so elec- 
trons flow from VO layer to graphene layer. This electron transfer 
trajectory reveals that graphene layer at this state is n-type carrier. If 
the Li ions are pushed further to the graphene layer, taking d Li . v = 
3.8A for another example as presented in Figure 2f, the E<ig of gra- 
phene layer lies far above Ef ermi , and a strong driving force shifts the 
Fermi level to the conduction band of graphene (Figure 2j), which is 
similar to the former case in Figure 2h, and thus graphene layer at 
this state is also n-type carrier. Above calculations reveal that the 
position of Li ions may play a crucial role in determining the carrier 
type of graphene layer in LiVO-graphene. At the original state of 
du-v is 2.28A, the carrier type for graphene layer is p-type, and the 



VO layer is an n-type carrier all the time, so the inner p-n junction 
may form. When the Li ions are pushed to the position with the du-v 
is 3. OA, the graphene layer changes to be n-type carrier too and thus 
the inner p-n junction may disappear. 

The consideration that the position of Li ions may be controlled by 
external electric field on the analogy of the lithium ion batteries, 
combining with the verdict mentioned above, gives us the inspiration 
that the LiVO-graphene nanosheets may be assembled into a demo 
device for electrical modulation with the application of an external 
electric field. A simple demo transistor was thus designed based on 
the consideration hereinbefore and then fabricated via the assembly 
with layer-by-layer overlapping of exfoliated nanosheets (details pre- 
sented in the experimental section and the simplified configuration 
presented in Figure 3a). It should be noted that the assembly quality 
of the layer-by-layer overlapping structure greatly influenced the 
output transport characteristic of the demo transistor. In the as- 
fabricated transistor, source and drain electrodes were applied for 
transport measurement while the external electric field (V G ) was 
supplied by a direct current (DC) electrical source between the top 
gate and the silicon back gate. In this study, drain-source current (Id s ) 
versus drain-source voltage (VjJ presented the output characteris- 
tics of the transistor at various V G voltage of 0 V, 0.5 V, 1 V, 3 V, as 
presented in Figure 3b, respectively. The device shows on current 
(Ion) of 2.25 mA(V ds = 1.6 VandV G = 3 V),andoffcurrent(I off )of 
0.107 mA (Vd s = 1.6 V and V G = 0 V), from which we can clearly 
see that the positive current increases remarkably by increasing the 
voltage of the external electric field, and the negative current remains 
at very small value with little change while increasing the external 
electric field. An I on /I off ratio of 21 (2.250 mA/0.107 mA) was 
obtained in this demo transistor, showing significant improvement 
over the existing reports in full consideration of the I on /I 0 ff ratio, I on 
and I 0 ff parameters 26 28 . 

Discussions 

It is easy to understand that embedded Li ions could be readily 
moved between the neighboring VO layer and graphene layer under 
external electric field, which is similar to the charging/discharging 
process in rocking chair configuration of lithium ion battery. The 
transport characteristics of the transistor perfectly tallies with the 
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Figure 3 | Schematic representation of the structure and the transport poverty of the demo transistor, (a) The simplified configuration of the LiVO- 
graphene based transistor, (b) The V,j s as a function of curve of the transistor with different V G value. V G is the applied external field voltage 
perpendicular to the film, (c) The sketch map of the rocking-chair ion polarization in monolayered LiVO-graphene nanosheet. 
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summing-up hereinbefore: the embedded Li ions move approach the 
LiVO layer when V G = 0 V, thus the graphene layer is p-type carrier 
and an inner p-n junction exists in the nanosheets therefore a low 
current (I ot f) can be achieved in the device; while V G = 3 V, the 
embedded Li ions move near to the graphene layer, shifting the 
graphene layer to be n-type carrier, the p-n junction disappears to 
achieve a high I on state for electrical modulation purpose (Figure 3c). 
That is the basic principle for the LiVO-graphene based transistor. 

The detailed explanation for the actual LiVO-graphene based 
transistor is further presented in Figure 4, in which different situa- 
tions are brought forward according to the measurement condition. 
In all the cases, the external electric field added on the top and back 
gates and the electronic flow between the S and D contacts work 
synergistically on determining the transport efficiency of the film. 
When the existed external electric field V G is 3 V, which is high 
enough to push the Li ions move to the graphene layer (d Li . v is 
3. 8 A for example), electrons transfer from Li atoms to graphene 
layer, and then the electronic flow between the D and S contact 
( — Ids) plays a critical role in determining the transport efficiency: 
when V d(j is positive, the direction of electronic flow is the same with 
the electron transfer direction as shown in Figure 4c, and as a result, 
the current flow is highly enhanced (section A in Figure 3b and 
Figure 4s), which can explain the high I on value of the LiVO-gra- 
phene based transistor. Otherwise, when the voltage between the D 
and S contact (V ds ) is negative, the electronic flow is in the opposite 



direction of electron transfer, as presented in Figure 4d, thus the 
electronic flow is inhibited by the opposite electron transferring pro- 
cess from Li atoms to the graphene layer, resulting in a low current 
flow (section B in Figure 3b and Figure 4d). In the case without 
external gate voltage (V G = 0 V), when the Li atoms remain at their 
original position without polarization (d Li . v = 2.28A), there is weak 
electron transfer from the graphene layer to O atoms as shown in 
Figure 4e, here the graphene layer is p-type carrier, and the inner p-n 
junction exists no matter what current direction was between the S 
and D contact, and furthermore this stacking p-n junctions form a p- 
n-p-n- junction, resulting in the increased width of the deple- 
tion zone whatever the direction of V ds is, thus the current flow (I ds ) 
is always very weak (section C and D in Figure 3b and Figure 4e). 
This is the reason of lower I D ff value in the LiVO-graphene based 
transistor. 

Of course, the exfoliated product of the LiVO-graphene precursor 
may be not only monolayered LiVO-graphene hybrid nanosheets 
ideally, some other hybrid nanosheets with different compositions, 
such as LiVO-graphene-LiVO or graphene-LiVO-graphene and so 
on, may co-exist with monolayered LiVO-graphene hybrid nano- 
sheets due to the varying exfoliation degrees. Furthermore, the 
ideally layer-by-layer overlapping of LiVO-graphene nanosheets 
with the same stacking direction (as shown in Figure 4b) is difficult 
to practically control. But the theoretical analyses in Figure S10 
and Figure Sll suggest that only monolayered LiVO-graphene 



t t t t G t t t t 



tltt G ttt! 



■ ■- r-k U 



V G = 3V,V ds >0 

T t t T f e T t T T T r D (+) 

Ftt n - type 



n-type 



e 



V G = OV 



p-type 



m 



mtifTn 




n-type 





* n-type 




V G = 3V, V ds < 0 

t t t t P°l t t t J ...D (-) 

n-type 

n-type 

n " type i j tjet*i t t 

n-type -' e 
S(+f 



m graphene • o 

VO layer • v 

• Li • H 2 0 

| external electric field 

electronic flow 
| electron transfer from Li atom to graphene 
\ electron transfer from graphene to O atom 



Figure 4 | Microscopic schematic view of the demo transistor and probable electronic channels, (a) Microscopic schematic view of transistor with 
layer-by-layer overlapping of LiVO-graphene nanosheets. (b) Probable electronic channels of current flow in the transistor, (c) at Vq = 3 V and 
V ds > 0, the current is enhanced since the electronic flow (black arrows) has the same direction with that of electron transfer (green arrows) from Li atoms 
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nanosheets overlapping with the same stacking direction contribute 
to the transistor. So despite the possible existence of the LiVO-gra- 
phene-LiVO and graphene-LiVO-graphene nanosheets in the exfo- 
liated nanosheets product and also possible coexistence of the 
opposite stacking direction for the monolayered LiVO-graphene 
nanosheets overlapping, neither of them contribute to the transport 
property of the transistor, since the electronic channels would be cut 
off no matter whether the external electric field exists or not in these 
cases. 

Briefly, based on the quasi-lithium ion battery mechanism, the 
current flow between S and D (I^s) change with the external electric 
field (V G ) and voltage between S and D (Va s ) can be easily under- 
stood: the altering of V G changes the position of the embedded Li 
ions between the graphene layer and VO layer, thus switches the 
carrier type of the graphene layer, and at the same time the layer- 
by-layer overlapping structure of LiVO-graphene nanosheets is 
requisite for the formation of a electronic flow channel in transistor. 
The peculiar transistor character is the result of the synergetic effect 
of the external electric field and the electronic flow between the S and 
D contacts. The quasi-rocking chair configuration enables this demo 
transistor differs from the graphene-made transistor reported before: 
an inner p-n junction exists in the obtained LiVO-graphene altern- 
ately intercalated nanosheets when the external electric field is 
removed, which finally decrease the leakage current (I off ) in the 
transistor. Meanwhile the drain current (I on ) can be increased by 
introducing a neighboring intercalated layer to provide the graphene 
layer with sufficient electron carriers. Although the demo transistor 
is roughly constructed at current stage, the underlain principle con- 
firms us that the rocking chair configuration of such monolayered 
intercalated hybrid nanosheets may provide a new pathway to effec- 
tively manipulate the transport property of graphene. 

To conclude, a novel LiVO-graphene alternately intercalated 
hybrid was synthesized for the first time and then exfoliated into 
ultrathin nanosheets. The calculation of electronic structure of 
LiVO-graphene with different Li ion position revealed that the car- 
rier type of the graphene layer could be altered by rocking the embed- 
ded Li ions back and forth with the application of external electric 
field. The rocking chair configuration of LiVO-graphene alternately 
intercalated nanosheets may provide a new way for electrical modu- 
lation. Based on this idea, a simple demo transistor was designed and 
assembled with layer-by-layer overlapping of the LiVO-graphene 
alternately intercalated nanosheets, and the following I-V character- 
istic revealed that the resistance of the LiVO-graphene film could be 
controlled by the applied external electric field, which gave a direct 
evidence for our initial idea, i. e. the electronic structure could be 
altered by the external electric field, and as a result, a inner p-n 
junction existed or disappeared accordingly. The integration of inner 
p-n junction produced in the alternately intercalated inorganic - 
graphene hybrid perfectly fulfilled the demand for micro miniatur- 
ization of new generation of nanoelectronics, revealing potential 
application foreground in nanoelectronic devices for electrical mo- 
dulation purpose. 

Methods 

Preparation of graphene. In a typical procedure, graphite oxide was prepared from 
purified natural graphite by the modified Hummers method 29 . After fully oxidation, 
the residual salts and acid were removed, then 3 mmol of the obtained graphite oxide 
was ultrasonicated in 100 ml water for over 1 h to get graphene oxide (GO) collosol 
until it became clear with no visible particles, and then the collosol was transferred to a 
250 ml round-bottom flask, followed by 0.031 ml hydrazine hydrate (85%) and 
0.784 ml ammonia solution (25%) adding into the flask under stirring. And then the 
solution was heated in an oil bath at 100' C under a water-cooled condenser for 24 
hours, and finally the as-obtained graphene black collosol was cooled for further 
intercalation. Raman spectroscopy was measured to characterize graphene as shown 
in Figure S5. The Raman spectroscopy shows that the as-obtained graphene is 
defective. 

Preparation of LiVO-graphene and LiVO. The obtained graphene mentioned above 
was exfoliated and dispersed under ultrasonic treatment for several hours to break the 



large and thick graphene into small and thin pieces, the exfoliated graphene solution 
was obtained for the following use: 0.40 mmol VC1 3 and 0.46 mmol lithium nitrite 
(LiN0 3 ) were dissolved into 31 ml benzyl alcohol, stirred for 5 minutes, then 2 ml 
LiOH (0.5 mM) were added to form suspension with a ball of yellow floccules after 
ultrasonic irradiation for several minutes. After that, 3 ml graphene collosol was 
dropped into the flask to form well- distributed suspension. The total volume of the 
suspension was transferred into a 40 ml stainless Teflon-lined autoclave. The 
autoclave was heated to 200 C at the heating rate of 5 C min" 1 and maintained at 
200 "C for 24 hours. The reaction system was cooled to room temperature in air. The 
obtained dark green deposition was collected by centrifugation at 10000 rpm for 
2 minutes, and then washed with cyclohexane, dried under vacuum at 60 C for 8 
hours. The final lithium vanadate- graphene powders are collected. 

For comparison, pure lithium vanadate Lii 2 V 3 34 07. 34 '2H 2 0 was prepared 
according to the former steps without addition of graphene. 

Exfoliation of LiVO-graphene into LiVO-graphene nanosheets. 10 mg above- 
obtained lithium vanadate-graphene compound was dispersed in 20 ml water in a 
beaker, and followed by the dispersion ultrasonicated for 10 minutes. Then the 
resultant lithium vanadate-graphene suspension was further exfoliated into small and 
thin pieces. The exfoliated suspension was then centrifugated for several minutes and 
the superstratum liquid with ultrathin nanosheets was collected for the device 
assembly. 

Assembly of LiVO-graphene nanosheets into transferable thin films. The LiVO- 
graphene ultrathin nanosheets suspension was then vacuum- filtrated over a piece of 
micropored cellulose membrane with 0.22 um pore size to form a homogeneous thin 
film, of which the thickness can be controlled by changing the filtrated amounts of the 
nanosheet suspension (Figure S12). 

Fabrication of transistor with LiVO-graphene film. The prototype device of the 
lithium vanadate-graphene nanosheet-based transistor was fabricated. In briefly, the 
LiVO-graphene film was transferred onto Si/Si0 2 wafers. The p-doped Si substrate 
under a dielectric Si0 2 layer (300 nm) was used as the back gate. The micropored 
cellulose membrane was then dissolved in acetone. Two Au charge collectors were 
sprayed onto the top of the hybrid film and extended to cover the section of the LiVO- 
graphene film to form Ohmic contacts and act as the source (S) and drain (D) contacts 
for electron transport measurement. To obtain a uniform external electric field, Ag 
film was used as the top gate. Although the LiVO-graphene films are too large in size 
(10 mm*6 mm*5 urn) for practical devices, this device configuration is sufficient for 
principle demonstration. 

Sample characterization. The phase structure of the product was characterized using 
X-ray powder diffraction (XRD) with Philips X'Pert Pro Super diffractometer with Cu 
K a radiation (X — 1.54178A). The field emission scanning electron microscopy 
(FESEM) images were obtained by JEOL JSM-6700F scanning electron microscopy. 
The transmission electron microscopy (TEM) images were taken on Hitachi H-800 
transmission electron microscopy at an acceleration voltage of 200 kV. High 
resolution transmission electron microscopy (HRTEM) images were taken by JEOL- 
2010 transmission electron microscopy at an acceleration voltage of 200 kV. Raman 
spectrum was taken on a SPEX 1403 spectrometer with Ar + laser at an excitation 
wavelength of 514.5 nm. The XPS spectrum was taken by VGESCALAB MKIIX-ray 
photoelectron spectrometer with an exciting source of Al K a . Atomic force 
microscopy (AFM) measurement was performed by the Veeco di-Innova Scanning 
Probe Microscopy. Electrochemical performance of the transport measurement of 
the dual-gated FET was studied by cyclic voltammetry (CV) at an electrochemical 
station (CHI660B). 

Calculations. The electronic structure of LiVO-graphene was calculated by 
employing the Vienna ab initio simulation package (VASP) 30 ' 31 with the projector 
augmented plane wave method 32 . The local density approximation (LDA) was chosen 
for it can get good interlayer separations 33 ' 34 .The on-site correction has been applied 
to the 3d electron of V atoms by L(S) DA + U 35 , the values of U is 3.4 eV 36 . The energy 
cutoff of 400 eV and the Morkhost-Pack mesh of k-points samples in two- 
dimensional Brillouin zone with 2*8*1 points were applied. The LDA lattice 
parameter for graphene is a — 2.446A, and monolayer graphene with 72 carbon 
atoms is used to match a 7*2 LiVO layer. The supercell contains 170 atoms 
(25.42*7. 34*20A 3 ), and the vacuum space perpendicular to the LiVO-graphene slab 
is 12 A, which is enough to ignore the interaction between periodic images. A dipole 
correction to avoid interactions between periodic images along the c direction was 
also adopted 37 . 
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